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Geometric uncertainties for
stereotactic radiosurgery
(SRS) using the Leksell
Gamma Knife (GK) unit
were quantified through on-
line cone beam computed
tomography (CBCT). Pre-
and post-treatment CBCT
scans were acquired for pa-
tients treated with single-
fraction SRS using frame-
based immobilization.
Because the inter- and intra-
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http://dx.doi.org/10.1016/j.ijrobp.2016.04.011Purpose: The present study used cone beam computed tomography (CBCT) to mea-
sure the inter- and intrafraction uncertainties for intracranial stereotactic radiosurgery
(SRS) using the Leksell Gamma Knife (GK).
Methods and Materials: Using a novel CBCT system adapted to the GK radiosurgery
treatment unit, CBCT images were acquired immediately before and after treatment
for each treatment session within the context of a research ethics boardeapproved pro-
spective clinical trial. Patients were immobilized in the Leksell coordinate frame
(LCF) for both volumetric CBCT imaging and GK-SRS delivery. The relative
displacement of the patient’s skull to the stereotactic reference (interfraction motion)
was measured for each CBCT scan. Differences between the pre- and post-treatment
CBCT scans were used to determine the intrafraction motion.
Results: We analyzed 20 pre- and 17 post-treatment CBCT scans in 20 LCF patients
treated with SRS. The mean translational pretreatment setup error  standard devia-
tion in the left-right, anteroposterior, and craniocaudal directions was 0.19  0.32,
0.06  0.27, and 0.23  0.2 mm, with a maximum of 0.74, 0.53, andSc, CIP, Radiation Med-
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guidance using CBCT could
serve as a useful tool for
quality assurance to ensure
high-precision GK-SRS and
to potentially guide frame-
less GK-SRS and data-driven
planning target volume
margin implementation.0.68 mm, respectively. After an average time between the pre- and post-treatment
CBCT scans of 82 minutes (range 27-170), the mean intrafraction error  standard
deviation for the LCF was 0.03  0.05, 0.03  0.18, and 0.03  0.12 mm in
the left-right, anteroposterior, and craniocaudual direction, respectively.
Conclusions: Using CBCT on a prototype image guided GK Perfexion unit, we were
able to measure the inter- and intrafraction positional changes for GK-SRS using the
invasive frame. In the era of image guided radiation therapy, the use of CBCT image
guidance for both frame- and noneframe-based immobilization systems could serve as
a useful quality assurance tool. Our preliminary measurements can guide the applica-
tion of achievable thresholds for inter- and intrafraction discrepancy when moving to a
frameless approach.  2016 The Authors. Published by Elsevier Inc. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/
by-nc-nd/4.0/).Introduction
Stereotactic radiosurgery (SRS) allows the delivery of high-
dose radiation for treatment of well-localized intracranial
targets (1). The highly conformal delivery of radiation for
SRS is achievable with the Leksell Gamma Knife (GK)
owing to the use of multiple beam directions, the high
degree of collimation to spare normal tissues, and the rapid
dose falloff by prescribing to the 50% to 70% isodose lines
(2). Radiosurgery has generally been delivered over a single
fraction, limiting treatments to targets measuring a
maximum diameter of 3 cm, because toxicity (ie, radio-
necrosis) is directly associated with the irradiated volume
(3). To date, precise radiation targeting has been facilitated
by the use of an invasive head frame to immobilize the
patient, which is thought to limit setup uncertainty and
intrafraction motion to <1 mm. However, reported load
testing on this frame-based system has shown induced de-
flections of 1.5 mm (4, 5).
The clinical practice of single-fraction GK-based SRS
has traditionally not applied a planning target volume
(PTV) margin around the intracranial gross target volume
(GTV). The interest in fractionated GK-SRS presents the
potential need for PTV margins to account for setup vari-
ability between fractions and requires an assessment of the
uncertainty. For linear acceleratorebased SRS, empirical
PTV margins have been proposed and used (6-8). Noel et al
(8) reported a 1-mm PTV margin for SRS improved local
control but did not influence the complication rates. When a
2-mm PTV margin was applied for single-fraction linear
accelerator SRS, a 12.5% increase in complications was
observed by Nataf et al (6). When the same 2-mm margin
was applied for largely fractionated SRS (12-30 Gy over 1-
5 fractions, 76% treated with 3 fractions), no increase in
complication rates were noted (7). This suggests that for
larger targets, a fractionated SRS approach using frameless
immobilization with the addition of a PTV margin might
enable higher doses to cover the tumor and limit toxicity.
A novel cone beam computed tomography (CBCT)
system has been developed, installed, and commissioned atour institution on the GK-Perfexion unit to facilitate image
guided SRS (9). Through the acquisition of volumetric
images of the patient in the treatment position, comparisons
are possible with the planning CT stereotactic reference
frame to ensure optimal accuracy. This allows quantifica-
tion of the true accuracy and precision of both frame-based
and frameless positioning systems. Using these measured
uncertainties to determine the PTV margin ensures a
rational approach that optimizes the therapeutic ratio.
The purpose of the present study was to use on-line
CBCT imaging to quantify the inter- and intrafraction
motion uncertainties for patients with brain metastases
undergoing GK radiosurgery immobilized with the Leksell
coordinate frame (LCF; Elekta Instruments, Stockholm,
Sweden). Quantification of these uncertainties will inform
our strategies for GK planning and image guidance.Methods and Materials
Patients
All the included patients provided informed consent for
participation in the present research ethics boardeapproved
prospective study. The study participants included adult
patients treated from September 2011 to November 2013
on the GK-Perfexion unit with single-fraction SRS for brain
metastases. The patients were immobilized supine for
simulation and treatment planning in the LCF (Elekta In-
struments) to facilitate single-fraction treatment.
Treatment planning
Volumetric magnetic resonance images were acquired for
treatment planning purposes, including gadolinium-
enhanced axial T1-weighted images with a 1-mm slice
thickness, T2-weighted fluid attenuated inversion recovery
images for target (ie, GTV) delineation, and CT simulation
(1-mm slice thickness) for dosimetry calculations. For
single-fraction SRS, no PTV margin was added to the GTV.
 Prepare patient study in
image acquisition software 
Set up patient in
immobilization device on
treatment couch  
Deploy CBCT system vertical 
Acquire pre-treatment CBCT
Park CBCT System
Treat
Offline: Export images to
TPS for registration and
co-registration  
Online: Visual comparison of
CBCT with published plan 
Deploy CBCT system vertical 
Acquire post-treatment 
CBCT
Offline: Data analysis and
calculation in MATLAB 
Fig. 1. Clinical workflow for cone beam computed to-
mography acquisition using the prototype system. Abbre-
viation: TPS Z treatment planning system.
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vendor’s treatment planning system (Leksell Gamma Plan,
version 10.1; Elekta). The fractionation schedules used at
our institution range from 15 to 21 Gy (based on target
volume) delivered in a single fraction.
Image guidance
Patients were treated on the modified GK-Perfexion
unit (Elekta), equipped with a CBCT image guidance unit
(9). The CBCT scans were acquired with a bow-tie filter
over a gantry rotation of 210, with a scan time of 70 sec-
onds and projection rate of 3 frames/second. The imaging
technique used for CBCT imaging was 90 kVp, 20 mA, and
25 ms, corresponding to a dose of 1.2 cGy measured at the
center of a 16-cm cylindrical phantom (9). Images were
reconstructed with a 256  256  193 matrix and 1-mm
voxels.
The clinical workflow for CBCT acquisition with the
system is shown in Figure 1. After patient positioning on
the bed at a reference point outside the irradiation chamber
with the shielding doors closed, the imaging system was
lowered from its parked position to enable volumetric im-
aging. The point of CBCT image acquisition was calibrated
to the GK isocenter using a quality assurance procedure (9).
A pretreatment CBCT scan was acquired and assessed
visually to ensure no large (ie, >5 mm) discrepancies were
seen compared with the reference CT scan. The research
prototype of the system does not enable online registration
and fusion of the CBCT scan to the CT image; thus, only
visual inspection was used to detect gross errors. At the end
of treatment, a post-treatment CBCT scan was acquired
with the patient in the treated position.
Statistical analysis
All patients’ pre- and post-treatment CBCT scans were
exported to the treatment planning system for offline
assessment. During the clinical treatment planning process,
the N-localizer box was attached to the immobilization
device to enable spatial orientation of the patient in the
stereotactic space such that the reference CT image (CT
simulation image set) can be transformed into the Leksell
GK stereotactic space ½TLGKCT  (Fig. 2A).
For each pre- and post-treatment CBCT scan, the
following process was completed. The CBCT image was
initially transformed to the Leksell GK stereotactic space
through a registration process to the N-localizer ½TLGKCBCT  for
the treatment session (Fig. 2B). The CBCT scan was then
coregistered to the reference CT scan transformed to the
stereotactic space ½TCTCBCTpre. This was done using normal-
ized mutual information (Leksell Gamma Plan, version 10;
Elekta; Fig. 2C), applying the bounding clipbox for auto-
matic rigid image registration of the patient bony anatomy,
including the rigid skull, but excluding mobile regions such
as the mandible.Next, we calculated the displacement of the patient’s
skull in the CBCT scan relative to the reference CT scan
(DTpretreatment and DTpost-treatment) using the following
steps. The coregistered CBCT scan ½TCTCBCTpre was trans-
formed to the stereotactic space using the reference CT
transformation ½TLGKCT  by the product of the 2 matrices
Fig. 2. Steps of data analysis for cone beam computed tomography (CBCT) scans. (A) The reference CT scan is trans-
formed to the Leksell Gamma Knife stereotactic space by registration of the fiducial marker (ie, N-localizer). (B) Similarly,
the CBCT image is transformed to the Leksell Gamma Knife coordinate space by registration of the N-localizer. (C) Cor-
egistration of the CBCT scan to the CT scan is performed using normalized mutual information. (D) Differences noted in the
CBCT scan transformation to the stereotactic space between the 2 approaches were attributed to interfraction motion.
Differences measured between the post-treatment CBCT and pretreatment CBCT transformation matrix defined intrafraction
motion.
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skull in the CBCT scan to the skull in the reference CT
scan. The difference between the 2-step registration
½TLGKCT  TCTCBCTpre in Figure 2C and the single-step
registration ½TLGKCBCT  in Figure 2B represents the dis-
placement of the patient’s skull in the CBCT scan relative
to the reference CT scan. This displacement was
measured for the CBCT scans acquired before and after
treatment.
The transformation matrix stored in the treatment plan-
ning system database was collected and processed using
custom code developed in a commercial software package
(MATLAB, version 8.1; The MathWorks Inc, Natick, MA).
This 4  4 matrix is retrieved from the “registrations”
variable in the database and used to determine the inter-
fraction error, which is the bony anatomy displacement
noted on the pretreatment CBCT scan to the reference CT
scan (Fig. 2D) and the intrafraction error, which is the
displacement between the pre- and post-treatment CBCT
scans. Translational and rotational displacements were
quantified by setting the center of the frame (100, 100, 100
at the GK stereotactic coordinates) as the center of rotationand origin of the coordinate system. The group mean and
standard deviation were calculated for each immobilization
system in the left-right (LR), anteroposterior (AP), and
craniocaudal (CC) directions.
The process for data analysis is represented in the
following equations:
DTpretreatmentZTLGKCT  TCTCBCTpre  TLGKCBCTpre ð1Þ
DTpost-treatmentZTLGKCT  TCTCBCTpost  TLGKCBCTpost ð2Þ
DTintrafractionZDTpost-treatment DTpretreatment ð3Þ
Results
A total of 20 pre- and 17 post-treatment CBCT scans were
analyzed in 20 LCF patients treated with single-fraction
SRS (Table 1). Three post-treatment CBCT scans were not
available for analysis. Two were not acquired because of
Table 1 Patient and treatment characteristics
Characteristic n
Patients 20
Targets 36
Sex
Male 8
Female 12
Dose/fractionation (per target)
15 Gy/1 9
18 Gy/1 5
21 Gy/1 22
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but the image did not process properly after acquisition. For
all patients, the average time between the pre- and post-
treatment CBCT scan acquisition was 82 minutes (range
27-170).
Interfraction motion (setup error)
The summary statistics for the LCF immobilization system
are listed in Table 2. The setup error measured on the
pretreatment CBCT scans was small. The maximum rota-
tion noted was 0.87 in the LR axis.
Intrafraction motion
The average time between the 17 pre- and post-treatment
CBCT scans for the LCF patients was 82 minutes (rangeTable 2 Summary statistics for setup (interfraction) and
intrafraction error for Leksell coordinate frame measured on
cone beam computed tomography scans
Variable Mean  SD
Setup error
Translation (mm)
LR 0.19  0.32
AP 0.08  0.29
CC 0.35  0.50
Vector 0.40  0.66
Rotation ()
LR 0.14  0.25
AP 0.03  0.19
CC 0.10  0.20
Intrafraction error
Translation (mm)
LR 0.03  0.05
AP 0.03  0.18
CC 0.03  0.12
Vector 0.05  0.22
Rotation ()
LR 0.05  0.30
AP 0.03  0.20
CC 0.01  0.09
Abbreviations: AP Z anteroposterior; CC Z craniocaudal; LR Z
left-right; SD Z standard deviation.27-170). The intrafraction error was quantified as the dif-
ference noted between the pre- and post-treatment CBCT
scans. The LCF reported submillimeter movement during
treatment (Table 2).Discussion
Our early evaluation of a CBCT image guidance system for
GK-Perfexion developed and clinically implemented at our
institution ensured the system’s capability of volumetric
imaging for precise and accurate targeting for intracranial
SRS through bony anatomy registration (9). The current
GK-SRS practices generally rely on the LCF for accurate
patient setup and immobilization throughout treatment;
however, no clinical data are available regarding the ac-
curacy of the setup and immobilization using the LCF for
GK-SRS. Previous studies using 2-dimensional kilovoltage
radiographs for linear accelerator-based SRS have reported
setup errors similar to our study of <1 mm for the LCF (10,
11). In a smaller cohort of frame-based patients treated
using a linear accelerator, Kataria et al (12) reported larger
interfraction positional discrepancies through CBCT of
1.0  0.3, 0.2  1.2, and 0.1  0.3 mm in the LR, CC,
and AP directions (12), respectively, showing that geo-
metric uncertainties are present with the use of a rigid
frame. Additionally, it has been demonstrated that despite
the invasiveness of the rigid frame, measurable motion has
been detected with phantom-based stress loading on the
LCF (5). Furthermore, although not identified in our patient
cohort, frame slippage can occur and can result in a large
enough misalignment of the treatment target within the
presumed stereotactic space to result in a geographic miss
(13). Because single-fraction GK-SRS is generally planned
with a 0-mm PTV margin around the GTV, volumetric
image guidance might serve as a useful quality assurance
tool to identify frame slippage and setup discrepancies with
the LCF to ensure accurate treatment delivery.
For image guidance, the bony anatomy has previously
been shown to be a reliable surrogate for target positioning
of brain metastases (14). The advantage of volumetric image
guidance is that it decreases user subjectivity and interob-
server variability in image assessment, because the patient
anatomy can be more easily visualized and evaluated (15).
Our study presents the first series of patient images acquired
on the prototype of the next-generation GK-Perfexion with
image guidance, characterizing the inter- and intrafraction
geometric uncertainties for patients with brain metastases
treated with single-fraction SRS in the stereotactic LCF.
In our patients treated with single-fraction radiosurgery
with a median treatment duration of 82 minutes, our pre-
and post-treatment volumetric image analysis found sub-
millimeter intrafraction uncertainties. However, it is
important to note that pre- and post-treatment CBCT scans
cannot monitor any intrafraction motion that might inter-
mittently occur during treatment. Other strategies, such as
passive optical tracking (16) or intrafraction imaging and
Volume 96  Number 1  2016 Intracranial image guided perfexion 219correction (17), might be effective for managing intra-
fraction motion.
The use of data from volumetric image guidance allows
for characterization of geometric uncertainties associated
with various immobilization devices to guide application of
clinically quantified PTV margins. The use of appropriate
PTV margins around the treatment volume ensures
adequate coverage of the target, accounting for setup un-
certainties and intrafraction motion (18). However, the
published PTV margin formulas are based on a number of
assumptions that might not be applicable for intracranial
SRS (19). We developed a margin calculator that aims to
optimize the PTV margins specifically for intracranial SRS.
It considers the patient-specific target size, shape, and dose
distribution, in addition to the measured inter- and intra-
fraction motion (20). For example, for a patient with a 3.2-
cm3 brain metastasis, applying our measured inter- and
intrafraction motion from our present study and the specific
tumor factors, our margin calculation would suggest a 0.6-
mm PTV margin for single-fraction SRS. Because the
expansion of a 0.6-mm PTV margin in practice could be
limited by image resolution (ie, 1 mm), one might or might
not consider using a 1-mm PTV margin for this patient’s
treatment to ensure target coverage. In contrast, for a pa-
tient with an 8.6-cm3 brain metastasis planned for a 3-
fraction SRS treatment, our margin calculator would esti-
mate the following asymmetric PTV margins: 0.4-mm LR,
1.8-mm AP, and 1.6-mm CC, accounting for the tumor-
specific factors. In that case, a clinical margin of 0.5 to
1 mm in the LR direction and 2 mm in the AP and CC
directions could be considered to ensure target coverage.
Applying a PTV margin will help ensure radiation de-
livery to the target and minimize marginal misses; however,
this approach will also increase the overall radiosurgery
target volume. In particular for radiosurgery, the target
volume has been associated with increased toxicity such as
radionecrosis. One measure that has been reported as a
predictor for radionecrosis after intracranial single-fraction
SRS is the volume receiving 12 Gy (21, 22). Image guid-
ance will quantify the actual inter- and intrafraction un-
certainties to guide the application of the minimally
required PTV margin to ensure dose coverage to the target
and ensure the smallest target volume required and the
smallest resulting volume receiving 12 Gy, thereby limiting
radiosurgery-related toxicity (9). Image guidance also fa-
cilitates the use of noninvasive immobilization devices and
maintains high-precision radiation delivery for fractionated
approaches, which can be applied to larger targets. It has
been proposed that fractionated radiosurgery with 2 to 5
fractions could be considered as an alternative approach for
large-volume targets to improve the therapeutic ratio by
allowing greater total doses to be delivered safely with
minimal normal tissue toxicity (23).
For our study, the prototype CBCT-guided GK was used
as a research tool and the assessment of CBCT images were
performed offline. However, integration of this technology
to provide online image guidance as a quality assurancetool would require additional considerations. Because
treatment delivery using GK-Perfexion is performed with
multiple isocenters achieved through multiple couch posi-
tions compared with linear accelerator treatment, which
usually uses a single isocenter, discrepancies noted on the
CBCT image could warrant dose recomputation and quality
assurance steps in the treatment planning system before
displacement corrections and SRS delivery (24). The pre-
liminary CBCT-based measurements of inter- and intra-
fraction discrepancies in the invasive frame presented in the
present study provide early data to guide achievable
thresholds of discrepancies as we move toward frameless
treatment on an image guided GK-Perfexion unit.
Conclusion
Using a novel CBCT system prototype on our modified
GK-Perfexion treatment unit, clinical evaluation showed
that inter- and intrafraction motion were measurable for
frame-based SRS. In the era of image guided radiation
therapy, in particular, with recent commercialization of an
image guided GK Perfexion unit, the results of the present
study have demonstrated the potential utility of CBCT
image guidance for quality assurance for both frame- and
noneframe-based immobilization systems. Institutional
intra- and interfraction motion measurements could also
guide data-driven PTV margins.
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